A systematic study on the uncertainty in spectral responsivity of silicon photodiodes due to the calibration spectral bandwidth is presented. Two of the most common types of silicon photodiodes in the field of optical power measurements have been used in this work: one with thickness of about 100 nm of SiO 2 and the other with thickness about 27 nm of SiO 2 . It is shown that the spectral responsivity error will be negligible ( 5 × 10 −4 ) using a spectral bandwidth up to 20 nm in the calibration if the effective wavelength of the spectral transfer function, including the distribution of the radiation source, is calculated and the measured responsivity is assigned to that effective wavelength. In other cases, the error depends not only on the extent of the interval isolated by the spectral analysis system but also on the shape of the spectral isolation function.
Introduction
Spectral responsivities of silicon photodiodes are usually obtained by using various spectral bandwidths, ranging from laser lines to interference filters through monochromators, and all of them are then used to interpolate the spectral responsivity function of the photodiode. Depending on the actual bandwidth used to derive the experimental value of the responsivity, a correction factor is applied before using it, in order to homogenize the value set. Many authors have dealt with this problem [1] [2] [3] [4] [5] [6] [7] [8] [9] , because it is one of the questions that has to be solved when one is deriving any radiometric scale from measurements made with silicon photodiodes or any other broad band selective radiometer. However, the study has always been restricted to the specific problem considered every time and the spectral bandpass function has not always taken into account the influence of the broad band radiation source used in front of the spectral analysis system (a monochromator or interference filters).
The characterization of this source of uncertainty is gaining importance since the arrival of cryogenic radiometers. Several laboratories are able to make responsivity calibrations with very low uncertainty at specific laser wavelengths that are transferred to the whole spectral interval through the relative spectral responsivity curve. This curve is usually determined by means of a monochromator or any other broad spectral analysis system, which necessarily has to be broad in many situations in order to get a high signal-to-noise ratio. Normally, the calculated correction factor is negligible for the standard spectral bandwidths used in monochromators ( 5 nm) and significant when interference filters are used. Is there any reason for this? The objective of this work is to present a systematic study on the influence on the bandwidth of the experimentally determined responsivity and hence on the spectral responsivity function understood as a distribution function, considering not only the transmission band of the spectral analysis system (an interference filter or monochromator) but also the correlation function relating this amount and the radiation source.
Since the surface reflectance and the internal quantum efficiency of silicon photodiodes are spectral functions, the effective responsivity obtained in the calibration will depend on the spectral bandwidth used. So the question is that of whether there is a relation among the effective responsivity, the spectral responsivity at some wavelength and a characteristic wavelength of the spectral calibration interval. This relation has been studied for silicon photodiodes of two models: Hamamatsu S1337 and EG&G UV 444-B. These two models are silicon photodiodes of high quantum efficiency, one with a thin layer of silicon oxide on the front and the other with a thicker one, which acts as an antireflection coating. They radiometrically represent most of the silicon photodiodes used in low uncertainty power measurements, even those made by other manufacturers. Furthermore, since interference effects take place at the surface of the photodiode, the degree of coherence of the radiation has to be considered too and, as is well known, this value is related to the spectral bandwidth. Can the reflectance be described by the same function for a laser source as for a filtered incandescent halogen lamp? It is normal practice in radiometry to consider both radiation sources as completely coherent in order to estimate the surface reflectance [10, 11] .
However, real sources used in radiometry for spectral analysis are neither perfectly coherent nor perfectly incoherent. If the contribution of every component to the final reflectance is calculated and the accumulated partial reflectance is plotted against the final reflectance assuming that the source is coherent, it will be seen that the final reflectance is reached after only four reflections from the silicon-silicon oxide interface. This means that the phase difference between the first and the last contributing emerging beams is equivalent to a path difference of less than two wavelengths. Therefore assuming perfect coherence is completely acceptable in this situation. Hence, from the reflectance point of view, no difference between laser radiation and monochromator or interference filter radiation is found, except for the bandwidth, which will yield different effective values. Hence no error can be attributed to the difference in coherence length.
The effective responsivity and the spectral distribution
Since the photodiode's reflectance and the absorption of light and excitation of charge carriers are not affected by the degree of coherence of the light, it is more convenient in this study to consider the responsivity function rather than its individual components; namely the absorption coefficient, quantum yield and quantum efficiency.
A radiometer's responsivity is given by the ratio of the response to the incident beam and the optical power carried by that beam. If a finite spectral bandwidth is used in the responsivity calibration, the value obtained for this quantity will be given by
where R(λ) is the radiometer's spectral responsivity, E(λ) is the optical power spectral distribution of the incident radiation and ε is the interval over which E(λ) is not null. The relation between R λef e and R(λ ef e ) depends on the functional form of the responsivity and there is no universal analytical solution. It is obvious that, for an unselective radiometer, the two terms are equal, independently of the spectral interval considered. An interesting case is that of a linear relation between responsivity and wavelength. In this case R(λ) = a + bλ and the former equation can be written as
If λ ef e is taken as the average wavelength weighted by the spectral distribution of the incoming radiation, given by the equation
then R λef e = R(λ ef e ) for any arbitrary spectral distribution and there is no error due to the spectral bandwidth used in the experimental determination of the responsivity. The interest of this result is more than academic, because silicon trap detectors have a responsivity that closely resembles a linear relation to wavelength [12] . According to this, the responsivity of a silicon trap detector to a particular spectral distribution, B(λ), would be given by the responsivity of the trap at a wavelength that matches the weighted average wavelength of B(λ). In order to test this result we have calculated, by using (1), the effective responsivity of a real silicon trap detector (SP11) to an incident beam whose spectral distribution is CIE Standard Illuminant A times V (λ) and then CIE Standard Illuminant D 65 times V (λ). We also have calculated in turn the effective wavelength of the incoming distribution (3) and the responsivity of the trap at that wavelength. A second-degree polynomial was used to interpolate the responsivity of the trap detector in (1) and the best linear fit to the responsivity of the trap detector was used to calculate R(λ ef e ). The results obtained are shown in table 1. The difference between the calculated responsivity and the responsivity at the effective wavelength of the distribution is of the order of 0.03%, which is well below other experimental and systematic uncertainties usually found in this kind of calibration. This result also allows fast correction of the responsivity on changing from one illuminant to another.
The same rule could be applied to determine the responsivity of the trap to a multimode diode laser or any other radiant source.
Single-element silicon photodiodes do not conform to any of the previous situations. Their responsivity is wavelength dependent in a more complex way than a simple linear relation. As an example, the spectral responsivities of the two types of silicon photodiode studied in this work are plotted in figure 1. However, it is also true that their responsivities may be described by one or more linear relations within several wavelength subintervals. So using the average wavelength weighted by the incident spectral distribution as the wavelength at which the responsivity given by (1) is assigned should give a good agreement with R(λ ef e ), which is the wanted value, insofar as the spectral responsivity can be fitted to a linear relation within the spectral interval involved in the calibration. 
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Responsivity (A/W) S1337 UV444B Figure 1 . The spectral responsivities of the two types of silicon photodiode studied.
Bandwidth error in a silicon photodiode's spectral responsivity
The bandwidth error of the responsivity is defined as the difference between the effective value obtained in a calibration (1) and the value of the responsivity curve at the effective wavelength as defined by equation (3) . The effective responsivities of the two real types of silicon photodiode specified previously have been calculated by using (1) at several points within the interval 400-850 nm. Two different types of spectral distribution shapes have been introduced into that equation: the convolution of an incandescent halogen lamp and a triangular slit transfer function, which correspond to the usual calibration situation when monochromators are involved, and that of the same type of lamp correlated to interference filters. Bandwidths of 5, 10, 20 and even 40 nm have been used for the triangular slit functions and 10, 20 and 40 nm for the interference filter's transmission curves. The transmission curve of an interference filter corresponds to real values measured in our reference spectrophotometer. Spectral transmission curves of bandwidth 10 nm are plotted in figure 2 to illustrate the type of filters used. An important characteristic of these filters is the very good blocking of the light transmitted outside the transmission band. Values of the photodiode's responsivity used in these calculations also correspond to real detectors calibrated in our laboratory, whose calibration capability has been shown in the BIPM's international comparisons of national laboratories [13] .
In order to avoid integration errors in applying equations (1) and (3), the spectral curves involved were interpolated by using splines. Integration was done by summation with a spectral increment of 0.1 nm. Using another interpolation method such as one involving Lagrange polynomials or a smaller summation step has no noticeable effect on the calculation results. Remember that the weighting function for calculating λ ef e is the convolution of the spectral emission curve for the incandescent lamp and the slit function of the monochromator or the transfer function of the interference filter. These plots reveal that the difference between R λef e and R(λ ef e ) decreases as the bandwidth decreases and is lower for an interference filter than it is for a triangular slit function of the same bandwidth. These results agree well with the previous hypothesis. As the spectral interval involved in the calculation shortens, the spectral responsivity function of silicon photodiodes fits better to a straight line and R λef e is closer to R(λ ef e ).
It is also clear that the bandwidth error changes over the spectral interval considered in this work. The behaviour of each photodiode is different in this sense. There is a threshold wavelength at around 550 nm in the case of the S1337 photodiode that makes the bandwidth error negligible for wavelengths longer than the threshold in all the situations studied, whereas the spectral figure presents a more complex structure with a minimum at around 500 nm in the case of the UV 444-B. These structures can be explained by the spectral characteristics of the responsivity (figure 1). The internal quantum efficiency of both photodiodes is much less sensitive to wavelength within the middle and long range of the spectral interval studied. The reflectance of S1337 monotonically decreases with wavelength, being almost linear in the longest part of the spectral interval, whereas that for the UV 444-B has a minimum at around 600 nm. Taking the product of the two curves results in a responsivity curve that is very close to a linear function of wavelength in the middle and long part of the spectral interval studied. Figures 3 and 4 also show that, whatever the transfer function is, the bandwidth error of the effective responsivity is negligible ( 5 × 10 −4 ) if λ ef e is calculated according to (3), including the lamp's spectral emission curve, and the spectral bandwidth is kept below 20 nm. This is true for wavelengths longer than 450 nm. No more than 10 nm can be used at the shortest wavelength (400 nm) if one is to retain a negligible error. Furthermore, the correction factor is still small (10 −3 ) for bandwidths up to 40 nm. This result agrees with previously published ones for small bandwidth (5 nm) and a triangular spectral transfer function [5] .
So, if the effective average wavelength is calculated, the bandwidth error will depend more on the length of the spectral interval used in the calibration than it will on the specific form of the spectral transfer function. The magnitude of the bandwidth error depends on the wavelength, but maximum errors are obtained at the shortest wavelengths studied and the smallest errors occur at the longest wavelengths for both photodiodes.
In many situations, the contribution of the incandescent lamp or any other radiation source used in the calibration in front of the monochromator or interference filter is not considered in (3) and the peak wavelength, in the case of a monochromator, or the effective wavelength of the transmission curve, in the case of interference filters, is used as the effective wavelength, rather than the real effective one obtained when the broad band radiation source is included. The ratio R λef e /R(λ peak ) is plotted versus λ peak in figures 5 and 6 for each type of photodiode. Again figures 5(a) and 6(a) show results for triangular slit functions and figures 5(b) and 6(b) for interference filters. The difference between R λef e and R(λ peak ) increases notably with respect to the previous case (figures 3 and 4) . Now spectral bandwidths of 10 nm already produce differences exceeding 10 −3 . Furthermore, the correction factor strongly depends on the spectral region, the spectral shape of the transfer function and its extent. Only for wavelengths longer than 700 nm does the bandwidth error become small enough that it is not necessary to apply a correction to the spectral responsivity. The difference between the two photodiode models is also much larger now than it was for the case in which radiation source spectral emission is considered in the calculation. This result supports one of the rules of thumb of spectral responsivity calibration: if a bandwidth shorter than 5 nm is used in monochromators, the measured effective responsivity can be assigned to the spectral responsivity at the peak wavelength without correcting for bandwidth.
So, in summary, if the effective wavelength as defined in (1) can be calculated including the spectral emission of the radiation source, a larger spectral bandwidth can be used in the calibration of the most commonly used silicon photodiodes and the effective responsivity can be assigned to the spectral responsivity at that effective wavelength, without having to correct for the bandwidth. 
Conclusions
The error in spectral responsivity due to the bandwidth used in the calibration has been systematically analysed for two models of silicon photodiode in this work. These models are representative of the photodiodes used most commonly in optical power measurements with low uncertainty. The effective responsivity of silicon trap detectors to broadband spectral distributions such as those used in photometric applications can be determined as the spectral responsivity at the effective wavelength of the distribution, calculated as shown in (3). This result holds as long as the spectral responsivity function depends linearly on the wavelength in the interval of interest. The result does not depend on the specific spectral form of the incoming radiation.
If the effective wavelength of the spectral distribution used in the calibration of silicon photodiodes is known, including the contribution of the radiation source, and the effective responsivity is assigned to the spectral value at that wavelength, the bandwidth error in the spectral responsivity will be negligible ( ∼ =5×10 −4 ) when one is using bandwidths up to 20 nm, both for triangular slit functions and for interference filters with good blocking outside the transmission band.
If the spectral distribution of the radiation source is not taken into account in the calculation of the effective wavelength, the spectral bandwidth should be no larger than 5 nm in order to avoid the need for correction factors. Correction factors whose specific values depend on the type of photodiode, the spectral form of the transfer function and the spectral interval should be applied in any other case.
